Adjustments of the mechanical properties (apparent elastic modulus and compressive strength) in porous scaffolds is important for artificial i mplants a nd b one tissue engineering. In this study, a top-down design method based on Voronoi-Tessellation was proposed. This method was successful in obtaining the porous structures with specified a nd f unctionally g raded p orosity. T he p orous s pecimens w ere p repared by selective laser melting technology. Quasi-static compressive tests were conducted as well. The experiment results revealed that the mechanical properties were affected by both porosity and irregularity. This is different from the traditional prediction model that only considers a single porosity. The results also indicated a threshold effect of 1 the strength enhancement at high levels of irregularity. The method proposed in this study provides an efficient approach for the bionic design and topological optimization of scaffolds.
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Introduction
Long-term aseptic loosening of artificial implants and refracture are fatal complications within the clinical setting .
1,2 The main issue within artificial implants is 'stress shielding'. Stress is unable to adequately transfer from the metal implant device to the bone. This is caused by the large difference between their elastic moduli. Osteocytes that do not have adequate stress stimulation will die and be absorbed, which results in the loosening of implants and sometimes fracturing occurs. Porous structures were introduced to the implant devices to stop these occurrences. These structures could reduce the apparent elastic modulus to the level of human bones (4 Gpa ∼ 30 Gpa). 1, 2 The porous structures also provide necessary space for osteocyte and transport pathways of tissue fluid. This is conductive to biological fixation between the bone and implant. [3] [4] [5] Metal implants with porous structures could be fabricated rapidly and precisely as additive manufacturing (AM) has become more developed. The selective laser melting (SLM) and the electron beam melting (EBM) are the most popular methods within AM. Designing porous scaffolds that could meet both structural and mechanical properties requirements has become necessary. 6 The morphology of these porous structures are broadly divided into regular or irregular structures. The primary construction methods of the regular porous structures are the cell unit method 7 and the triply periodic minimal surface method. 8 The regular porous scaffolds have regular pore morphology, good connectivity, and controllable mechanical properties.
This results in their wide application. 9 Irregular porous scaffolds are typically implemented by computer programs and mathematical models. [10] [11] [12] The irregular porous scaffolds enable geometric and mechanical parameters to be designed precisely or distributed in a gradient manner. Furthermore, Irregular porous scaffolds have the ability to simulate the complex and anisotropic microstructures of bone tissues. This provides additional freedom within bionic design and topological optimization. [13] [14] [15] The design approach for irregular porous structure is another key technology that requires additional research.
Unfortunately, most of previous studies on irregular porous structures ignored the effect of irregularity and its evolution. Uncontrollable irregularity lead to poor repeatability of morphology and the mechanical properties. In this study, we proposed a top-down design method (probability sphere method) based on the Voronoi-Tessellation method to construct controllable porous scaffolds. The probability sphere method uses a regular threedimensional point array that is agitated by probability spheres. This generates the irregular but controllable porous scaffold. In order to evaluate the porous scaffolds, we prepared two sets of specimens by SLM. We then measured their geometric parameters with industrial CT (Computer Tomography) . Their mechanical parameters were tested with quasi-static compressive experiments.
Materials and Methods

Modeling and characterization of porous scaffolds
The Voronoi-Tessellation is a method of space partition, based on the seed point . 16 The Voronoi diagram is defined below:
For a set of points on the m-dimensional Euclidean space
The line between p i and p j divides the space into two parts, H i (p i p j ) is the part including
is the m-dimensional Voronoi generated by The proposed method considers both 'irregularity' and 'controllability'. An ordered cube lattice was generated using CAD software Grasshopper R (Version 0.9.0076). There were n layers within the cube lattice. The distance between the two adjacent points within Layer i was b i , as seen in Fig. 1 . Denote the point on Line m and Column n in Layer i as P mn_i .
Denote the space between Layer (i−1) and Layer i as a i . The spherical regions were centered at each point and generated with the radius of R i . A new point P mn_i was then generated randomly in each spherical region to replace their predecessors. This formed the new lattice.
P mn_i was generated as follows:
Where, rand is a random function with uniform distribution in [0, 1]. Irregularity coefficient was defined as ε:
Where, N is the number of points in the irregular lattice generated previously, 0 ≤ ε < 1.
The radius of spherical region R i was constrained to increase the controllability of the irregular lattice by 0 < R i ≤ 1 2 a i . The Voronoi cells were generated in Grasshopper The gradient distribution of the points in the Z axis were obtained. This allowed one to obtain the gradient distribution of porosity in the direction of Z axis, as shown in Fig. 4 . K was then replaced with linear variables that related to cell position:
Where, Z b and Z t denoted the minimum and the maximum of the Z axis coordinate of body center of all the voronoi cells. K b and K t represented the minimum and maximum of the value of K. In order to fit the gradient distribution of points, the radius of probability sphere was set as R i = 1 2 a i . Based on the probability sphere method, Fig. 5 shows the process of constructing the artificial bone with porous gradient structures. Firstly, offset the surface by incremental distances; Secondly, generate spherical regions based on the intersection points of UV isocurves; Thirdly, generate irregular lattice then construct porous gradient structures.
The parameters of the porous scaffold included pore size, porosity, and strut diameter.
The porosity in the geometric model was calculated by the formula Φ = 1 −
where Φ is porosity, V P is the volume of the porous scaffold, and V is outer volume of the porous scaffold.
The sections at the midpoint of the strut sections were extracted. The equivalent diameter method was used to calculate the pore diameters when the area was equivalent to the sections.
The equivalent diameter method was used to calculate the aperture, as shown in formula (6) .
Where, n D is the number of pores, n d is the number of struts, D is the equivalent aperture, S i is the hole area, d is the equivalent strut diameter, and A i is the cross-sectional area of strut.
Fabrication and compressive testing
The porous specimens were fabricated with an SLM machine (M290, EOS GmbH, Germany) using the optimized processing parameters that were provided by the manufacturer. The materials were commercial Ti6Al4V ELI, supplied by EOS GmbH. The average particle size was approximately 30 µm.
The factors that influenced the mechanical properties of the porous scaffolds included porosity, pore diameter, strut diameter, and shape of the strut section. Porosity is thought to be the most influential factor . 21 Irregularity is another important parameter within irregular porous scaffolds. In this paper, two sets of experiments were conducted to investigate the effects of porosity and irregularity on the mechanical properties of porous scaffolds. The design parameters of the porous scaffold are shown in Table 1 . Resolutions from 9.68 µm to 15.34 µm were performed by an industrial CT (XTH225, Nikon, Japan) to scan the porous scaffolds. A 3D model of the porous scaffolds was reconstructed to measure the porosity in software. The compression tests of specimens were conducted with a mechanical testing machine (CMT5105, MTS System Corporation, America). The crosshead displacement speed was fixed at 0.25 mm/min. depicts the relationship between the irregularity (ε) and radius (R) of probability spheres.
Results and discussion
Controllability of geometric parameters
The porous scaffolds increase in irregularity as ε grows. There was a good linear relationship between R and ε. This suggests that the probability sphere method could control and characterize the degree of irregularity of porous scaffold.
In theory, the irregular coefficient ε defined in this paper does not fully characterize the true degree of irregularity of the points. For example, if all vectors | −→ p i p i | were unidirectional, although the value of ε could be huge, the degree of irregularity of the lattice would not 9 change. There is little prospect of such special case occurring in practical experiments. As a result, the irregular coefficient ε meets the application requirements. Table 2 shows the four groups of K b and K t (see fig 4) . These groups were set to explore the influence of different combinations on the gradient change of porosity. The slope of the best fit line was defined as the porosity gradient G. Fig. 10 shows the gradient variation of the porosity as it related to height. As seen in Fig. 10 , the porosity changed linearly, in the height direction which corresponded with K. When K t remained constant, the maximum porosity remained constant as well (the porosity at the top of the structure). This further confirmed that porosity was primarily determined by K in 3.1. Fig. 11 illustrates porous structures that were prepared by SLM technology. Table 3 lists the contrast between the design porosity and the as-built porosity. The porosity deviations between the models and the specimens were less than 4%. This met the requirements of high-precision manufacturing of porous scaffolds. Fig. 12 shows the the relationship between porosity Φ, apparent elastic E modulus, and compressive strength S. There was a power function relationship between the S and Φ, as well as a strong linear relationship between E and Φ (Fig. fig12 ). Fig. 13 shows the relation between irregularity, elastic modulus, and compressive strength. As ε, increased, E decreased linearly. The compressive strength showed a downward trend at low levels of irregularity ( 0 ∼ 0.34). The strengths of the structures were enhanced at high levels of irregularity ( 0.34 ∼ 0.51). This trend could indicate the existence of a threshold effect of irregularity where compressive strength would be improved when the irregularity exceeded a certain value. The strength enhancement phenomenon could be attributed to elimination of the natural fault planes that commonly occur in ordered structures . 10 The low level irregularity increased the instability of porous structure. When the irregularity exceeded a certain value, a new stress balance would be established. This could reduce the local stress concentration. The contradiction between stiffness and strength could be resolved by understanding the threshold of irregularity. This would result in porous structures with high strength and low stiffness being obtained. 
Controllability of gradient porosity
Controllability of mechanical properties
Where, S 0 and E 0 is the compressive strength and elastic modulus of substrate materials, k is a constant related to mechanical properties of substrate materials.
When the irregularity of porous scaffolds is given, the mechanical properties are in accordance with the Gibson-Ashby model. However, when the irregularity is accounted for, the Gibson-Ashby model is no longer applicable. The Gibson-Ashby model is based on the regular assumption, ignoring the influence of irregularity in principle. It cannot reflect the change trend of the irregular effect on the mechanical properties. The results from the current study demonstrate that when the influence of irregularity is considered, the mechanical properties of porous structures should be at least three variable function parameters of the solid material (porosity, irregularity, and mechanical), that is S = f (Φ, ε, S 0 ), E = f (Φ, ε, E 0 ).
The special mechanical behaviors of irregular porous scaffolds were also attributed to the SLM process. The process of the powered melting from the laser with high power density point by point occurred during the formation and solidification of the molten pools. The pores and cracks that occurred in specimens were inevitable. These cracks have a significant influence on their mechanical properties, especially on the compressive strength.
23,24
This resulted in a large data scatter within compressive testing. Moreover, previous studies 25, 26 indicated that these defects were related to the orientation of the struts. As a result, subsequent research should focus on the orientation effect of the mechanical properties of sub-millimeter structures fabricated by SLM, as well as the threshold effect of the strength enhancement.
Conclusion
This study proposed a probability sphere method in order to construct irregular structures based on the Voronoi-Tessellation method. The porous specimens were fabricated by SLM.
Their compressive behaviors were investigated. Our findings are summarized as follows:
(1) This method allowed us to obtain not only an accurate design of the specific porosity, as well as the gradient distribution of porosity. Porous scaffolds with special porosities ranging from 60% to 95 % and pore size ranging from 200 µm to 1200 µmwere designed precisely and conveniently. A porosity gradient ranging from 0.03 to 0.54 was obtained.
(2) The proposed irregular coefficient could control the irregularity of the porous structures and achieve good accommodation and balance of 'irregularity' and 'controllability'.
(3) The compressive properties were affected by both porosity and irregularity. The compressive strength decayed at low levels of irregularity. The compressive strength was enhanced at high levels, which enabled us to obtain porous structure with high strength but low stiffness.
(4) The compressive properties of porous structures could be adjusted to the level of cortical bone. The apparent elastic moduli of porous specimens had high irregularity (0.51) that varied from 0.14 Gpa to 2.37 Gpa. The compressive strengths varied from 1.94 Mpa to 116.61 Mpa.
